Regulation of Nodal Signalling and Mesendoderm Formation by TARAM-A, a TGFβ-Related Type I Receptor  by Aoki, Tazu O. et al.
Developmental Biology 241, 273–288 (2002)
doi:10.1006/dbio.2001.0510, available online at http://www.idealibrary.com onRegulation of Nodal Signalling and Mesendoderm
Formation by TARAM-A, a TGFb-Related
Type I Receptor
Tazu O. Aoki,* Juliette Mathieu,* Laure Saint-Etienne,*
Michael R. Rebagliati,† Nadine Peyrie´ras,* and Fre´de´ric M. Rosa* ,1
*U368 INSERM, Ecole Normale Supe´rieure, 46 rue d’Ulm, 75230, Paris, France; and †Department
of Anatomy and Cell Biology, College of Medicine, University of Iowa, Iowa City, Iowa
Nodal signalling is essential for many developmental events during vertebrate development, including the establishment of
left–right asymmetry, of dorsoventral axis of the central nervous system, and endoderm and mesoderm formation. The
zebrafish TGFb-related type I receptor, TARAM-A (Tar), is expressed in the prospective mesendodermal territory and, when
activated, can transfate early blastomeres into endoderm, suggesting that Nodal and Tar may represent similar signalling
pathways. We have analysed the functional relationships between those two pathways in zebrafish. We first demonstrate
that tar and the zebrafish nodal genes cyc and sqt functionally interact. We also show that a dominant-negative isoform of
Tar, TarMR, interferes specifically with the function of Cyc and Sqt in vitro, but does not interfere with the function of
BMP2, another TGFb-related molecule. TarMR interferes also with Nodal signalling in vivo since it enhances the phenotype
of embryos with weakened Nodal signalling. Overexpression of tarMR in wild-type embryos interfered with the formation
of endoderm-derived structures. Conversely, overexpression of tar enlarged the presumptive mesendodermal region at the
onset of gastrulation. Together, our results point to Tar as an essential factor for endoderm formation and an important
modulator of Nodal signalling, potentially representing one of the Nodal receptors. © 2001 Elsevier Science
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Members of the transforming growth factor b (TGFb)
superfamily include secreted molecules conveying signals
from cell to cell and playing important roles in many
developmental events, especially in patterning the embryo
(Harland and Gerhart, 1997). Within this superfamily,
Nodal or Nodal-related molecules have recently been fo-
cused on in many organisms for their potential roles in
mesendoderm and anteroposterior patterning (reviewed in
Schier and Shen, 2000). Mouse nodal mutants fail to form a
primitive streak and to accomplish gastrulation, probably
because of the lack of all types of mesodermal cells in the
primitive streak (Conlon et al., 1991, 1994). In Xenopus,
Nodal-related molecules (Xnrs) have been implicated in
mesendodermal formation. Xnr1, -2, and -4 can induce
mesendodermal markers in ectoderm fated animal caps
(Hansen et al., 1997; Jones et al., 1995; Joseph and Melton,
1997; Yasuo and Lemaire, 1999), while specific inhibition of
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of Xnr2 disrupts endogenous dorsal mesendoderm (Osada
and Wright, 1999). In zebrafish, two nodal genes, ndr1 and
ndr2, have been isolated and exhibit mutations in zebrafish
mutants squint (sqt) and cyclops (cyc), respectively (Erter et
al., 1998; Feldman et al., 1998; Rebagliati et al., 1998;
Sampath et al., 1998). The double mutants sqt;cyc have
neither endodermal nor mesodermal derivatives, except for
residual somites in the tail region (Feldman et al., 1998),
implying a conserved role of Nodal molecules in mesoderm
and endoderm formation.
TGFb ligands are thought to signal via, at least, two types
of serine–threonine kinase receptors, called type I and type
II receptors (Wrana et al., 1994). Upon ligand binding, the
ligand–type II receptor complex activates the appropriate
type I receptor by phosphorylating its cytoplasmic GS
domain. In turn, the activated type I receptor phosphory-
lates Smad proteins that are subsequently translocated into
the nucleus to activate the transcription of target genes.
The mechanisms that mediate Nodal signalling remain
partially uncovered. For instance, although the activin-like
type I receptor kinase 4 (ALK4) has been implicated in
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274 Aoki et al.Nodal signalling, it is unclear whether it is essential for
Nodal signalling in vivo (Schier and Shen, 2000). Another
component required for Nodal signalling is One-eyed pin-
head (Oep), a membrane-anchored molecule of the EGF-
CFC family (Gritsman et al., 1999). Removal of maternal
and zygotic oep gene products (MZoep) resulted in a phe-
notype very similar to that of double mutants sqt;cyc and
the overexpression of sqt or cyc could not rescue this
phenotype, implying that Nodal signalling is blocked in
MZoep embryos (Gritsman et al., 1999).
FIG. 1. Functional interaction between sqt, cyc, and tar. (A–D,
shield stage, dorsal view) (A) Expression of gsc in control gastrulae
or (B) in gastrulae overexpressing sqt RNA (0.2 pg), (C) tar RNA
(100 pg), or (D) both as indicated. Note the enlargement or the
duplication of the gsc domain in (D). (E–J) A similar overexpression
of sqt, cyc, tar RNAs, or a combination as indicated was carried out
in MZoepm134 embryos and the expression of gsc was analysed when
embryos had reached the early gastrula period (equivalent to the
shield stage). (E–G, animal pole view) gsc is not expressed in control
uninjected embryos or embryos overexpressing sqt, or cyc RNAs.
(H–J, lateral view) tar overexpression induces a weak expression of
gsc in some embryos (H) but strongly induces the ectopic expres-
sion of gsc when coexpressed with cyc or sqt (I, J).TARAM-A (Tar) is a zebrafish type I receptor kinase of
© 2001 Elsevier Science. Athe TGFb superfamily that shares a high homology with
ALK4 in its kinase domain (Renucci et al., 1996). taram-a is
expressed in the region encompassing endodermal and
mesodermal progenitors before gastrulation and in the
extending embryonic axis during gastrulation, a pattern
similar to sqt and cyc. An activated form of TARAM-A
(Tar*) has been shown to induce mesendodermal markers
and to transfate early blastomeres into endoderm when
overexpressed, implicating it in the induction of mesoderm
and endoderm (Renucci et al., 1996; Peyrieras et al., 1998;
David and Rosa, 2001). Expression of tar* could rescue
endoderm formation in mutants lacking zygotic oep expres-
sion (Zoep), indicating that Tar acts downstream of Oep
(Peyrieras et al., 1998). As Oep is permissively required in
Nodal signalling, this implies that Tar acts downstream of
Nodal signals. The similarity in activities, and in expres-
sion patterns, also suggested that Tar and Nodal signalling
may represent similar, if not identical, pathways.
To further understand the relationships between Tar and
Nodal signalling, as well as to understand the function of
Tar during early development, we tested the capacity of Tar
and Nodal pathways to interact either positively or nega-
tively. We first demonstrated that, upon ectopic expression,
tar and sqt or cyc can synergise in the induction of the
mesendodermal marker gsc but this synergy requires Oep
function. In addition, overexpression of tar led to an en-
largement of the region encompassing the mesendodermal
progenitors. Conversely, we show, by dominant interfer-
ence experiments using a new type of dominant-negative
Tar variant, TarMR, that Tar signalling is required for the
capacity of Sqt and Cyc to induce mesendodermal markers.
We also show that TarMR enhances the phenotype of
mutant embryos with attenuated Nodal signalling, such as
cyc or sqt mutants. Last, interference with Tar signalling in
wild-type embryos led to the disruption of endoderm for-
mation. Altogether, our results point to Tar as an essential
component of Nodal signalling in the induction of
endoderm and mesoderm, potentially acting as one of the
Nodal receptors.
MATERIALS AND METHODS
Zebrafish Embryos
Adult zebrafish were maintained as described by Westerfield
(1994). Wild-type and mutant embryos were obtained by natural
crosses of wild-type fish and heterozygous cycb16, homozygous
sqtcz35, homozygous oepm134, or homozygous oeptz57 fish, respec-
tively. The injected embryos were maintained in the embryo
medium (Westerfield, 1994) at 28.5°C and the staging was per-
formed according to Kimmel et al. (1995).
Microinjection
Plasmids (pCS2sqt, pCS2cyc, pSP64Tactivin, pCS2b-gal, pC-
Sgfp, pCStar*, pCStarMR, pCStar*MR, pCShALK4) were linear-
ized with NotI or XbaI (pSP64Tactivin). Capped mRNAs were
subsequently synthesised with SP6 polymerase by using the
ll rights reserved.
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275Nodals and ReceptorsmMESSAGE mMACHINE SP6 Kit (Ambion). RNA solutions
were injected into embryos during the first cell cycle (2 nl) or
into one marginal blastomere of the 16-cell embryos (100 pl)
with 0.1% of phenol red. For the localised injection at the 16-cell
stage, lacZ RNA (100 pg) or gfp RNA (100 pg) was added as a
FIG. 2. tar overexpression expands the expression domains of ea
(200 pg) as a control or with tar RNA (200 pg), fixed during the lat
with the marker indicated (upper right). (A, B, lateral view) At t
margin. (B) In tar mRNA-injected embryos, the expression of gat
the YSL-blastoderm border. (C, D, animal pole view) Similarly, t
marginal cells with a patchy appearance. (D) The overexpression
appears more uniform. (E, F, animal pole view) The pan-mesoderm
of control embryo encompassing 8 –10 cell diameters (E, not sh
animal pole (F).lineage tracer.
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Injected embryos were cultured until high stage (midblastula) in
embryo medium. A small part of the animal pole was dissected as
described in Sagerstrom et al. (1996). Ten animal caps were
esendodermal markers. Embryos were injected with lacZ RNA
stula period (40% epiboly), and analysed by in situ hybridisation
age, gata5 is normally expressed (A) in four rows of cells at the
expanded to the fifth and sixth rows. The dotted line indicates
rmal expression of mixer (C) encompasses three to four rows of
ar leads to an expansion of the mixer expression domain, which
arker ntl is expressed in larger domain than gata5 at the margin
). When tar is overexpressed, the ntl expression is expanded torly m
e bla
his st
a5 is
he no
of t
al mreaggregated to make an explant. These explants were cultured in
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276 Aoki et al.65% L15 solution [65% L15 (GIBCO BRL), 20% embryo medium, 1
mg/ml BSA, 10 U/ml penicillin, 10 mg/ml streptomycin, 10 mM
Hepes, pH 7.5] until control siblings reached early shield stage.
Total RNA was extracted from three explants in average (about 30
caps) or from whole embryos using TRIzol reagent (GIBCO BRL).
RNA (1 mg) was processed for reverse transcription with the
MMLV-transcriptase (Stratagene). A portion (1/50) of the reaction
was subsequently used for PCR. The number of cycles required to
be in the exponential range was determined for each pair of primers
in preliminary test experiments. RT-PCR products were resolved
on a 6% nondenaturing polyacrylamide gel, subsequently stained
with SYBR Green. The annealing temperatures were 56°C for gsc,
gata5, and sox17, and 54°C for ntl, mixer, and ef1a. The primers
and numbers of cycles used are as follows (numbers of cycles are
indicated in parentheses): gsc (24) upstream: GGGATGTTTAG-
TATCGACAG, downstream: GCTGTCAGAACCACGTCGCT; ntl
(23) upstream: TCCTCGATGCCAAAGAGAGAAGTG, downstream:
CCATGTAGTTATTGGTGGTAGTG; gata5 (30) upstream: CGTAC-
CAGAACCCGTTAATGT, downstream: GCAGGTCATCCAGCAT-
GTCTA; mixer (23) upstream: GCAGACAGCTTCCATCAGCAG,
downstream: CGTGGTTTGCTGAATGTGTGA; sox17 (28) upstream:
GCGAGAACCATACATTGTTTG, downstream: CGTTCTCGTGA-
AATACCTGCT; and ef1a (23) upstream: TCACCCTGGAGTGAAA-
CAGC, downstream: ACTTGCAGGCGATGTGAGGCAG (Bauer et
al., 1998).
Whole-Mount in Situ Hybridisation and
Immunohistochemical Staining
The procedures of two-coloured whole-mount in situ hybridisa-
tion and immunocytochemical staining were performed as previ-
ously described in Hauptmann and Gerster (1994).
Histology
Embryos injected with tarMR and lacZ RNAs were fixed by 4%
paraformaldehyde at 4 dpf. Subsequently, the embryos were em-
bedded into paraffin and sectioned at 5 mm.
RESULTS
sqt and cyc Interact with tar
To understand the functional relationship between Tar
and Nodal signalling, we first tested whether these two
pathways could interact positively and enhance the activity
of each other. To this aim, we injected tar, sqt, or cyc RNA,
alone or in combination, into wild-type zebrafish embryos
and analysed the expression of the organizer marker gsc
(Schulte-Merker et al., 1994a; Thisse et al., 1994), an early
target of Nodal signalling. Induction of gsc by nodals
overexpression is dose-dependent (Gritsman et al., 2000;
Rebagliati et al., 1998; Shimizu et al., 2000; Toyama et al.,
1995). In particular, injections of 0.1–0.2 pg of sqt or cyc
RNA merely induce an ectopic expression of gsc (embryos
with ectopic gsc expression: sqt: 2%, n 5 96; cyc: 8%, n 5
50) and thus most injected embryos exhibited a normal
expression of gsc (Fig. 1B, and not shown). Similarly, the
injection of 100 pg of wild-type tar RNA had no effect on
gsc expression (embryos with ectopic gsc expression: 0%,
© 2001 Elsevier Science. An 5 128; Fig. 1C; Renucci et al., 1996). However, coinjec-
tion of sqt or cyc with tar RNA led to a large proportion of
embryos exhibiting an ectopic expression of gsc (embryos
with ectopic gsc expression: sqt 1 tar: 39%, n 5 98; cyc 1 tar:
34%, n 5 73; Fig. 1D, and data not shown). Thus, the
overexpression of tar enhances the activity of Nodal signals.
Since Oep is required downstream of Nodal signals and
upstream of Tar, we wondered whether the interaction
between tar and cyc or sqt would require Oep function. We
thus carried out a similar test of interaction in MZoep
embryos. We first tested embryos homozygous for the null
allele oeptz57. Coinjection of tar RNA (200 pg) combined
with cyc or sqt RNA (40 pg) proved unable to induce gsc in
early gastrulae (data not shown). Thus, consistent with
previous reports, Oep is absolutely required for the action of
Nodal signals, even in the presence of an excess of Tar.
Different results were obtained with embryos carrying the
weaker oepm134 allele. This allele encodes a soluble form of
Oep, which is released in the extracellular space and re-
mains functional with a reduced activity (Zhang et al.,
1998). Although MZoepm134 embryos were still unrespon-
sive to the overexpression of either sqt or cyc (Figs. 1F and
1G), overexpression of tar RNA (200 pg) alone led to the
induction of a weak marginal gsc expression in about
one-third of the injected embryos (37%, n 5 59; Fig. 1H).
Strikingly, the coexpression of sqt or cyc with tar strongly
induced the expression of gsc in a large portion (sqt 1 tar:
84%, n 5 31; cyc 1 tar: 71%, n 5 45) of the embryos (Figs.
1I and 1J). Taken together, these results show that cyc and
sqt synergise with tar but that this synergy strictly requires
Oep function. Furthermore, although MZoepm134 embryos
are unable to process Nodal signals, the ectopic expression
of tar restores responsiveness to these signals in this genetic
background, strongly suggesting that Tar acts within the
Nodal pathway, potentially as a Nodal receptor.
tar Controls the Size of the Mesendodermal
Progenitors Region
The capacity of tar to interact with cyc and sqt suggested
that the size of territories requiring cyc and sqt function in
vivo could depend on the level of tar expression. Consistent
with this, we have observed an expansion of the zebrafish
organizer region at high tar RNA doses (Renucci et al.,
1996). We then tested whether the overexpression of tar
could also influence the size of the mesendoderm territory,
a region reported to require Nodal activation (Feldman et
al., 1998). Wild-type tar RNA (200 pg) was injected into
one-cell-stage zebrafish embryos and the expression of early
endodermal and mesodermal markers was analysed in late
blastulae (40% epiboly), a stage at which the positions of
endodermal and mesodermal progenitors have been mapped
(Warga and Nusslein-Volhard, 1999). At this stage, the most
marginal four rows of cells have been reported to give rise
mostly to endoderm, whereas the fifth and sixth rows give
rise to mesoderm only (Warga and Nusslein-Volhard, 1999).
Consistent with this idea, gata5 is expressed in three to four
ll rights reserved.
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row (Fig. 2A, n 5 12 embryos; Rodaway et al., 1999). tar
overexpression led to an enlargement of the gata5 expres-
sion domain in 76% of the injected embryos, reaching the
fifth or sixth row from the margin (Fig. 2B, n 5 39).
Similarly, mixer expression, which is also observed in three
to four rows of cells at this stage with a very patchy
appearance (Fig. 2C, n 5 9 embryos), expanded to the fifth
and sixth rows in tar-overexpressing embryos and appeared
more continuous (Fig. 2D, 46%, n 5 24 embryos). At the
same stage, the pan-mesodermal marker ntl, a zebrafish
homologue of Brachyury, is expressed within 8–10 cell
diameters from the margin (Fig. 2E; Rodaway et al., 1999).
This ntl-expressing mesodermal region is also expanded to
more than 10 cell diameters by tar overexpression (Fig. 2F).
These results suggest that an increased quantity of tar
expression can promote cells of the putative mesoderm
region to express endodermal markers and cells of the
putative ectodermal region to express mesodermal markers.
Since these mesendodermal progenitors crucially rely on
Nodal signalling, these results show that Tar can positively
interact with the patterning activities of endogenous Nodal
signals.
TarMR Interferes with Nodal but Not with BMP
Signalling
To define in further detail the implication of Tar in
specific signalling pathways and to address the function of
Tar in vivo, we constructed several dominant-negative
forms of Tar. Truncated forms of the type I receptor that
contain the GS domain but are devoid of its cytoplasmic
kinase domain have been reported to function as dominant-
negative forms (Suzuki et al., 1994), but proved not appli-
cable to Tar because their overexpression leads to the fusion
of the expressing cells with the extraembryonic yolk syn-
citial layer at an early stage, thus preventing the analysis of
Tar function in the blastoderm (Renucci et al., 1996; T.O.A.
and F.M.R., unpublished observations). We also tested a
soluble version of Tar by deleting both transmembrane and
cytoplasmic domains (Dyson and Gurdon, 1997; Kawakami
et al., 1996). This construction did not interfere with Nodal
signalling. The origin of this inefficiency as compared to
soluble BMP type I receptors remains unclear but may
tentatively stem from the requirement of the transmem-
FIG. 3. TarMR interferes with the inducing activities of cyc and sqt.
extracellular domain (EC), a transmembrane domain (black), a GS domain
substitutes an arginine for methionine 381 in the kinase domain (star).
mouse ALK3, human ALK4, and Xenopus ALK4 (boxed). (B) Embryos we
with tar RNA (100 pg), the animal caps were dissected, cultivated until th
tarMR blocks the effect of exogenous nodal-related molecules on meso-
2RT lane, the reverse transcription step has been omitted. In the WE la
injected with sqt, cyc, activin (act), tarMR, tar*, RNA, or a combination a
the marker indicated in the upper right corner. Animal pole views, dorsal to
© 2001 Elsevier Science. Abrane region to allow proper folding of the extracellular
domain.
Recently, the molecular analysis at the locus of the
dominant human hereditary haemorrhagic telangiectasa
type 2, or Osler–Rendu–Werber (ORW) syndrome, has re-
vealed a molecular change in the human activin like
kinase-1 (ALK1) in an affected family (Johnson et al., 1996),
which consists in a point mutation that substitutes an
arginine for a methionine in the kinase domain. This
methionine is highly conserved in almost all TGFb type I
receptors in different organisms (Fig. 3A). The ORW syn-
drome transmits dominantly, suggesting that this point
mutation has a dominant-negative effect (Johnson et al.,
1996). Thus, a version of Tar carrying the M 3 R substitu-
tion at 381 a.a., named TarMR, was generated as a new
candidate dominant-negative variant (Fig. 3A).
We first tested whether TarMR could block the ectopic
expression of mesendodermal markers induced by Nodal-
related molecules. The injection of 4 pg of sqt RNA into
one-cell-stage embryos strongly induced, at the onset of
gastrulation, the ectopic expression of the mesendodermal
organizer marker gsc (Figs. 3C and 3D) and of the endoder-
mal marker gata5 (Figs. 3F and 3G; Erter et al., 1998;
Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al.,
1998; Rodaway et al., 1999). These ectopic expressions were
completely blocked by coinjection of tarMR RNA (Figs. 3E
and 3H). Moreover, the coinjected embryos often exhibited
an endogenous expression domain of gsc and gata5 much
thinner than that of control embryos, implying that the
endogenous gsc and gata5 expressions were also affected
(Figs. 3C–3K). tarMR overexpression also blocked the cyc-
induced ectopic expression of gsc (Figs. 3I–3K). The capacity
of TarMR to block Nodal signalling was confirmed by
RT-PCR analysis of mesendodermal markers in zebrafish
animal caps. Similar to what happens in Xenopus, the
animal part of zebrafish blastula develops into ectoderm in
vivo and in vitro (Kimmel et al., 1990; Sagerstrom et al.,
1996; Warga and Nusslein-Volhard, 1999). Consistent with
this notion, zebrafish animal caps, dissected at blastula and
cultured in vitro until early gastrula, did not express any
mesodermal or endodermal markers (Fig. 3B, lane 1; Sager-
strom et al., 1996). On the contrary, sqt overexpression
induced the pan-mesodermal marker ntl, the zebrafish
homologue of Brachyury, the dorsal mesendodermal
marker gsc, and endodermal markers such as sox17 (Alex-
tructures of Tar MR381 (MR). Wild-type Tar (TAR) is composed of an
and a kinase domain (Kinase). TarMR (MR) carries a point mutation that
methionine is highly conserved between zebrafish TAR, human ALK1,
jected with sqt RNA (2 pg), combined with tarMR RNA (20 pg) alone or
ld stage, and analysed by RT-PCR for different mesendodermal markers.
dodermal markers as indicated. Ef1a is used as a loading control. In the
T-PCR products from whole embryos were loaded. (C–P) Embryos were
cated, fixed at the shield stage, and analysed by in situ hybridisation with(A) S
(GS),
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280 Aoki et al.ander and Stainier, 1999), mixer (Kikuchi et al., 2000), and
gata5 (Fig. 3B, lane 2). These inductions were suppressed by
coinjection with tarMR RNA (Fig. 3B, lane 3). Together,
these results imply that tarMR acts downstream of both cyc
and sqt in mesoderm and endoderm induction.
We next examined the specificity of the blocking effect of
TarMR, by two different approaches. First, if the effect of
TarMR is specific, a wild-type version of Tar should restore
the ectopic expression of gsc in whole embryos or the
induction of mesendodermal markers in animal caps pro-
moted by sqt. Indeed, the complete block of sqt-induced
ectopic expression of gsc by tarMR was reversed by coin-
jection with tar RNA in whole embryos (not shown).
Likewise, co-overexpression of tar rescued the blocking
effect of tarMR on the induction of mesendodermal mark-
ers by sqt in animal caps (Fig. 3B, lane 4). We then tested
whether TarMR could interfere with another TGFb-related
pathway, the BMP pathway. BMPs exhibit a specific ven-
tralising activity that is not observed upon the activation of
the TGFb/Activin pathway (Harland and Gerhart, 1997).
Overexpression of zebrafish bmp2b gives rise to variable
phenotypes ranging from anterior neural defects such as
reduction of the eyes (V1) to a complete radialization of the
embryos (V5) in a dose-dependent manner (Kishimoto et al.,
FIG. 4. tarMR interferes with the formation of anterior midline st
tarMR RNA (MR) alone or with wild-type tar RNA (MR 1 tar) at
embryos were analysed at 24–30 hpf, either on live embryos (A–C, f
to the left) with the ventral CNS marker shh. (A–C) Overexpression
(B) which can be rescued (C, remaining cyclopic embryos 3%, n 5 75
of tarMR leads to the downregulation of shh in 12% of tarMR-overe
rescued by adding 100 pg of tar RNA (F).
FIG. 5. tarMR enhances the phenotype of mutants with attenuate
into mutant embryos and phenotypes of the injected embryos were
whole embryos (left column, anterior to the left) or as a frontal hea
between homozygous individuals results in maternal–zygotic sqtcz
normal (A, B) to more severe ones (C, D). When tarMR is overexpre
(E, F, 100%, n 5 65). (G, H) Phenotypes of cycb16 homozygotes. Un
TABLE 1
tarMR Does Not Interfere with BMP Signalling
Injected
RNA (pg)
Ventralised phenotype (%)
nV5 V4–V3 V2–V1 Normal Dead
zbmp2b 44 44 9 0 3 75
zbmp2b 1 MR 40 42 37 16 0 5 19
zbmp2b 1 MR 200 44 40 10 0 6 72
Note. Embryos were injected with zbmp2b RNA, tarMR RNA, or
both at the indicated doses and scored at 24 hpf for ventralised
phenotypes as in Kishimoto et al. (1997). The total number of
embryos is indicated as n in the last column.When tarMR is overexpressed, their phenotype is slightly enhanced (I,
© 2001 Elsevier Science. A1997). To test whether TarMR interfered with the ventral-
ising activity of BMP2, zbmp2b RNA alone or together with
tarMR RNA was injected into zebrafish embryos during the
first cell cycle (Table 1). At this concentration, 44% of
zbmp2b RNA-injected embryos exhibited a V5 phenotype.
The proportion of V5 embryos did not significantly change
when tarMR RNA (Table 1), even at high doses (200 pg), was
coinjected with zbmp2b RNA. Thus, TarMR does not
interfere with the BMP signalling pathway. Together, our
results show that TarMR blocks the Nodal but not the BMP
signalling pathway, and that the Nodal-blocking activity
induced by TarMR is rescued by Tar, arguing that the effect
of TarMR on Nodal signalling is specific. Thus, the func-
tion of Tar, or a related receptor, appears to be required for
the proper activity of Nodal signalling
TarMR Is a Poor Inhibitor of the Activin Signalling
Pathway
Activin is another molecule of the TGFb superfamily
that has been implicated in mesendodermal induction,
upstream of the ALK4 pathway (Harland and Gerhart, 1997;
Massague, 1998). We next tested whether TarMR could also
interfere with Activin signalling. To this aim, we injected
zebrafish activin RNA alone or together with tarMR RNA,
then looked at the effect on gsc expression (Figs. 3L–3N;
Table 2). The ectopic induction of gsc by activin follows a
dose response in which low doses induce an ectopic site of
gsc expression and higher doses induce a progressive en-
largement of the gsc expression domain. activin RNA (0.8
pg) induced an ectopic expression of gsc encompassing
approximately one-half of the blastoderm (Fig. 3L). A simi-
lar level of gsc induction is achieved by 4 pg sqt RNA (Fig.
3D). The ectopic expression of gsc induced by 0.8 pg activin
RNA was blocked only very partially when coinjected with
40 pg of tarMR RNA (Figs. 3M and 3N; Table 2). Fivefold
higher doses of tarMR RNA appeared to block slightly more
efficiently but never completely (Table 2). As a comparison,
40 pg tarMR RNA blocked completely the ectopic gsc
expression induced by 4 pg of sqt RNA in 100% of injected
res. Wild-type embryos were either left uninjected or injected with
6-cell stage into one marginal blastomere. The phenotypes of the
l head view) or by in situ hybridisation (D–F, lateral view, anterior
arMR leads to cyclopia in 11% (n 5 95) of tarMR-injected embryos
coexpression of wild-type tar RNA. (D–F) Similarly, overexpression
ssing embryos in the ventral brain (E, n 5 95). This phenotype was
dal signalling. tarMR RNA was injected during the first cell cycle
ysed on 24- to 30-hpf live embryos presented as a lateral view from
w (right column). (A–D) Phenotypes of MZsqt mutants. The cross
tants (MZsqtcz35) which exhibit a variable phenotype from almost
into MZsqtcz35 embryos, their phenotype is dramatically enhanced
ed embryos exhibit a mild cyclopia and the absence of floor plate.ructu
the 1
ronta
of t
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xpre
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ssed
injectJ).
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281Nodals and Receptorsembryos (Figs. 3D and 3E; Table 2). These results imply that
TarMR interferes more efficiently with Nodal signalling
than with Activin signalling.
Mode of Action of TarMR
To get some insight into the mode of action of MR
mutation, we first tested whether the MR mutation could
act in cis. The * gain-of-function mutation, created by
replacing the threonine by aspartic acid at amino acid 206
in the GS domain, leads to the constitutive activation of
TGFb-related type I receptors, rendering it independent
from both the associated ligands and type II receptors
(Renucci et al., 1996; Wieser et al., 1995). We thus intro-
duced this mutation into the TarMR GS domain to generate
the Tar*MR construct. At a very low concentration (0.2 pg),
tar* induced a strong ectopic expression of gsc and trans-
fated early blastomeres to endoderm (Fig. 3O; Renucci et
al., 1996; Peyrieras et al., 1998). In contrast, the chimaeric
molecule tar*MR appeared 50 times less active than tar*,
both in terms of gsc-inducing and blastomere-transfating
activities (Table 2). We thus conclude that the M 3 R
substitution acts in cis to inhibit the propagation of the
signal induced by the ligand in vivo.
We also tested whether TarMR was able to act in trans on
Tar*. To this aim, we overexpressed tar* (0.2 pg) with
tarMR (40 pg) and tested the induction of gsc. The com-
bined expression led to the absence of ectopic gsc normally
induced by tar* (Fig. 3P). Thus, TarMR appears to act in a
dominant fashion, downstream of Tar* either by titrating
one of the downstream components of the Tar signalling
TABLE 2
tarMR Weakly Interferes with Activin Signalling and Acts in Cis
Injected
RNA (pg)
*Embryos with ectopic
gsc expressions (%)
n111 11 1 Normal
sqt 4 100 0 0 0 32
sqt 4 1 MR 40 0 0 0 100 45
activin 0.8 100 0 0 0 74
activin 0.8 1 MR 40 0 52 48 0 50
activin 0.8 1 MR 200 0 24 76 0 65
tar* 0.2 0 100 0 0 36
tar* 2 100 0 0 0 38
tar*MR 0.2 0 0 0 100 46
tar*MR 2 0 34 66 0 49
tar*MR 10 0 100 0 0 50
Note. Embryos were injected with activin, tarMR (MR) RNA or
tar*, tar*MR RNA, alone or in combination, fixed, and the expres-
sion of the mesendodermal marker gsc was analysed by in situ
hybridisation. The degree of ectopic expression indicated by the 1
signs corresponds to Figs. 3L–3N.pathway, potentially including Tar itself since TGFb recep-
© 2001 Elsevier Science. Ators are assumed to function as tetrameres composed of two
type II and two type I receptors (Massague, 2000), or by
interfering with the positive feedback loop required for
Nodal signalling (Meno et al., 1999; Pogoda et al., 2000).
Further biochemical analysis is required to clarify this
issue.
TarMR Enhances the Phenotypes of Mutants
with Attenuated Nodal Signalling
We demonstrated that TarMR blocks the inducing activi-
ties of ectopically activated Nodal signalling. We then
tested whether it would also interfere with endogenous
Nodal signalling. If so, it should lead to phenotypes exhib-
ited by mutants defective in Nodal signalling. Consistent
with this idea, the embryos injected with 400 pg of tarMR
RNA at 16-cell stage developed, at 24 hpf, a cyclopia (11%,
n 5 95; Fig. 4B) associated with a disruption of the CNS
ventral midline markers fkd7 (not shown) and shh (12%,
n 5 95; Fig. 4E), phenotypes which are reminiscent of that
of cyc, sqt, or Zoep mutants. When analysed during gastru-
lation, these tarMR-injected embryos exhibited a disruption
of the prechordal plate markers such as gsc or hgg1, that are
also affected in embryos with attenuated Nodal signalling
(not shown; Thisse et al., 1994; Schier et al., 1997; Feldman
et al., 1998). These phenotypes were rescued by coinjection
of tarMR RNA, arguing for the specificity of the effect of
tarMR (Figs. 4C and 4F).
The Nodal signals, Sqt and Cyc, cooperate in the genera-
tion of the mesoderm and endoderm germ layers. In par-
ticular, mutants for both sqt and cyc exhibit a stronger
phenotype than those generated by mutations in either sqt
or cyc, characterised by the loss of endodermal and meso-
dermal structures (Feldman et al., 1998). If TarMR blocks
endogenous Nodal signalling, it should enhance the pheno-
type of either cyc or sqt mutants. We first tested whether
TarMR could enhance the phenotype of sqt mutants. Em-
bryos homozygous for the recessive mutation sqtcz35 exhibit
a variable phenotype ranging from an almost normal mor-
phology to a severe cyclopia (Feldman et al., 1998; J.M. and
N.P., unpublished observations; Figs. 5A–5D). Homozygous
individuals are sometimes viable and fertile. Embryos de-
rived from crosses between sqtcz35 homozygotes (MZsqtcz35
embryos) exhibit a range of phenotypes similar to those
observed when crossing heterozygous carriers, indicating
that the maternal sqt contribution is not essential (J.M. and
N.P., unpublished observations). When 200 pg of tarMR
RNA was injected into MZsqt embryos during the first cell
cycle, the overall phenotype was drastically enhanced (Figs.
5E and 5F). All injected embryos exhibited a severe cyclopia
similar to that of double mutants sqt;cyc (Fig. 5F, n 5 98).
The notochord was fragmented and the somites were fused
in the tail region (100%, n 5 98; Fig. 5E). Thus, tarMR
overexpression could enhance the phenotype of MZsqtcz35.
A similar analysis showed that the same quantity of tarMR
RNA could enhance, although with a lower efficiency, the
phenotype of cyc mutants, leading to the more severe
ll rights reserved.
FIG. 6. tarMR overexpression disrupts the formation of endoderm-derived structures and heart organogenesis. Wild-type embryos were
either left uninjected or injected during the first cell cycle with lacZ RNA (200 pg), tarMR RNA (MR) (200 pg) alone, or combined with tar
RNA (100 pg) as indicated in the lower left corner, analysed at 4 days as live samples (A, B), then fixed and sectioned (C, D) or at 30 hpf
by in situ hybridisation (E–J). (A–D) At 4 days, large segments of the gut (arrowheads) are missing in tarMR-injected embryos (B, D) as
compared to controls (A, C). (E) At 30 hpf, fkd7 labels the digestive structures from the pharynx to the digestive tube (arrowheads), as well
as the ventral CNS. (G) Fkd7 expression is missing in digestive structures of tarMR expressing embryos but is restored upon coexpression
of tar (I). (F, H, J) The same embryos were also labelled with the heart-specific probe nkx2.5 (arrow). A lateral view (F, J) or frontal view (H)
is presented. Expression of tarMR leads to cardia bifida (H), which is rescued by coexpression of tar (J). Abbreviations: s, somite; nt, neural
tube; nc, notochord; g, gut; y, yolk.
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284 Aoki et al.cyclopia and the disruption of the notochord (Figs. 5G–5J,
23%, n 5 105). The fact that, in wild-type embryos, TarMR
induces phenotypes similar to those resulting from a weak-
ening of Nodal signalling, combined with the fact that
TarMR can enhance the phenotype of both sqt and cyc
mutants, is fully consistent with the idea that TarMR
interferes with endogenous Nodal signalling.
TarMR Interferes with the Formation
of Endodermal Derivatives
To understand the general function of Tar signalling
during development, we overexpressed tarMR into one-cell-
stage wild-type zebrafish embryos. At 4 days, the most
conspicuous differences between uninjected and tarMR-
expressing embryos concerned the gut. Whereas a well-
formed gut was observed in control embryos (Fig. 6A,
arrowheads), large parts of the digestive tract were absent in
tarMR RNA-injected embryos, with the exception of some
partial gut-like structures (Fig. 6B, arrowheads, 400 pg). The
absence of gut was confirmed by the analysis of histological
sections (Figs. 6C and 6D). Mesodermal and ectodermal
structures in the trunk appeared normal in these embryos.
To determine when this phenotype could be traced, we
analysed the formation of the digestive tract at an earlier stage,
by in situ hybridisation with the marker fkd7. In the 30-hpf
control pharyngulae, fkd7 labels the entire lineage of the
digestive tract, spanning from the pharynx to the gut tube, in
addition to the ventral neural tube and the hypochord
(Odenthal and Nusslein-Volhard, 1998; Fig. 6E, arrowheads).
Strikingly, this endodermal fkd7 expression was abolished in
tarMR RNA-injected embryos (Fig. 6G; Table 3).
tarMR-overexpressing embryos also exhibited various
cardiac defects at a very high frequency (.80%, n 5 205),
including cardia bifida (75% of cardiac defects exhibiting
embryos) characterised by the presence of two small beating
heart-like structures located on the sides of the embryos
(Table 3; see Figs. 6F and 6H). Cardia bifida is often present
in endoderm-deficient embryos and it has been shown to be
a secondary consequence of the lack or reduction of
endoderm (Alexander et al., 1999; Peyrieras et al., 1998;
TABLE 3
tarMR Induces an Endoderm-Deficient Phenotype
Injected
mRNA (pg)
Endodermal
fkd7 absent (%)
Cardiac
defects (%) n
MR 400 97 92 116
MR 400 1 tar 200 2 8 62
MR 400 1 LacZ 200 100 85 34
Note. Wild-type embryos were injected with tarMR (MR) RNA
alone or in combination with tar or lacZ RNAs, and their cardiac
phenotypes were observed at 30 hpf. Embryos were then fixed and
processed for in situ hybridisation with fkd7 probe.Schier et al., 1997; David and Rosa, 2001). Both cardia
© 2001 Elsevier Science. Abifida, visualised by the heart marker nkx2.5 (Chen and
Fishman, 1996; Fig. 6H, arrows), and the absence of
endoderm (Fig. 6G) in tarMR-overexpressing embryos were
rescued by coinjecting tar RNA (Figs. 6I and 6J; Table 3).
This demonstrates that these endodermal and cardiac phe-
notypes result from the specific interference of endogenous
Tar signalling with tarMR.
To determine whether TarMR acts during the period of
specification of endodermal progenitors or at a later stage,
the expression of the early endoderm markers gata5 and
sox17 was assayed in tarMR-injected embryos (400 pg). In
zebrafish, gata5 normally labels the region encompassing
endodermal precursor cells at the onset of gastrulation,
before they initiate gastrulation movements (40% epiboly;
Fig. 7A), as well as the underlying yolk syncitial layer (YSL),
an extraembryonic compartment. The expression of gata5
was abolished in tarMR-overexpressing embryos, except for
the YSL expression (Fig. 7B). Endodermal progenitors can be
recognised, from the onset of gastrulation, as they are
scattered in the deepest layer of the hypoblast with a
flat-shaped morphology and express sox17 (Alexander and
Stainier, 1999) and axl/foxA2 (Strahle et al., 1996). sox17
also labels, during gastrulation, a small cluster of so-called
“forerunner cells,” located at the advancing edge of the
blastoderm (Figs. 7C and 7E, arrow). The expression of
sox17 and axl/foxA2 in endodermal cells and forerunner
cells was also reduced or missing in tarMR-expressing
embryos (Figs. 7C–7H). Interestingly, the disruption of
endoderm specification induced by TarMR was rescued by
overexpression of human ALK4, which has been reported
recently to mediate Nodal signalling (Figs. 7K–7M; Yeo and
Whitman, 2001), strongly supporting the idea that the effect
of TarMR was linked to a weakening of Nodal signalling.
Thus, tarMR expression affects the endodermal precursor
population prior to and during gastrulation. On the con-
trary, the effect of TarMR on early mesodermal markers
was less drastic. The axial mesodermal staining of axl/
foxA2 appeared unaffected (Fig. 7H). The lateral mesoderm
marker tbx6 was slightly reduced on the dorsolateral side in
some embryos (Fig. 7J), but the analysis of the phenotype at
24 hpf demonstrated that somites or notochord morphology
was not significantly changed (Figs. 6B and 6D).
Together, our results indicate that TarMR interferes with
the early specification of endoderm and to a much lower
extent with mesoderm. Since the concentration of tarMR
RNA used in these experiments can partially inhibit Ac-
tivin signalling (Figs. 3L–3N), we cannot exclude the fact
that parts of this effect could be due to the interference with
Activin. However, the implication of Activin per se in
mesoderm and endoderm induction is still controversial
(Schulte-Merker et al., 1994b; Dyson and Gurdon, 1997).
Furthermore, the observed phenotype in tarMR-injected
embryos is very reminiscent of that of Zoep, a mutant with
a partial attenuation of Nodal signalling. We thus favour
the idea that the phenotype induced by tarMR overexpres-
sion is predominantly due to the interference with Nodal
activity. Together, our results imply that a Tar-like mole-
ll rights reserved.
285Nodals and Receptorscule is required downstream of Nodal signals, for the early
steps of endoderm formation before the onset of gastrula-
tion.
DISCUSSION
TarMR, a Novel Dominant-Negative TGFb Type I
Receptor Variant
To understand the relationships between Tar and other
signalling pathways, as well as to approach the biological
function of Tar signalling during zebrafish development, we
have defined a new type of dominant-negative Tar variant.
Based on the dominant character of the ORW syndrome, the
MR mutation was introduced into the kinase subdomain
VIII of Tar. We demonstrate here that TarMR does function
as a specific dominant-negative isoform. First, TarMR effi-
ciently blocked the capacity of the Nodal-related ligands
Sqt and Cyc to induce early mesendodermal (ntl, gsc, mixer)
and endodermal (gata5, sox17) marker genes in animal caps
and in whole embryos. Second, the effect of TarMR is
reversible since these marker inductions can be rescued by
coexpression of tar. The activity of TarMR appears specific
since it does not conspicuously interfere with the BMP
pathway.
Interestingly, the dominant-negative activity of TarMR is
fully consistent with the dominant transmission of the
ORW syndrome. It also suggests that the ORW syndrome is
a result of a loss-of-function mutation. Since the methio-
nine 381 is highly conserved in almost all type I receptors of
the TGFb superfamily, the MR mutation could be applied
to other type I receptors to understand their function during
development or physiology.
Relationship between Tar and Nodal Signalling
The mechanisms mediating Nodal signalling remain par-
tially uncovered. Genetic and biochemical analyses have
implicated different members of Activin pathway, particu-
larly the activin type I receptor ALK4, in the mediation of
Nodal signals, although the direct requirement for ALK4 in
the transduction of Nodal in vivo remained unclear until
recently (Yeo and Whitman, 2001; Kumar et al., 2001;
Nomura and Li, 1998). Our previous and present works, as
well as reports from others, provide several sets of evidence
that Nodal signals may indeed rely on the activity of an
ALK4/Tar-related type I receptor. First, activation of the
Nodal pathway or the Tar pathway leads to the induction of
the same range of mesodermal, endodermal, and organizer
early markers (Feldman et al., 1998; Renucci et al., 1996;
Sampath et al., 1998). Second, the activation of Tar signal-
ling is able to alleviate the inhibition of Nodal signalling
promoted by overexpression of the Nodal antagonist lefty/
antivin and rescues the lack of Nodal signalling resulting
from the oep mutation (Gritsman et al., 1999; Peyrieras et
al., 1998; Thisse and Thisse, 1999). Further, we present here
the evidence that Tar or a related receptor is essential to
© 2001 Elsevier Science. ANodal signalling. Indeed, the dominant-negative form of
Tar is able to block the inducing activities of Nodal-related
ligands, without affecting the signalling induced by other
TGFb-related ligands, such as the BMPs. In addition, the
inhibition of Tar signalling in mutants partially deficient in
Nodal signalling led to phenotypes reminiscent of those of
mutants with much more reduced Nodal signalling, such as
double mutants sqt;cyc or MZoep. Together, these results
show that Nodal and Tar signalling have largely overlap-
ping activities and may represent very similar, if not iden-
tical, pathways. From this point of view, we suggest a role
for Tar in the mediation of Nodal signalling in vivo,
tentatively as a type I receptor for Nodal-related ligands.
Several pieces of evidence are consistent with this idea.
First, tar is expressed timely in territories that largely
overlap with the sites of cyc and sqt expression during early
embryogenesis. Second, an increase in tar expression leads
to the expansion of organizer-derived and mesendodermal
markers, which depend on Nodal signals (Gritsman et al.,
2000; Kikuchi et al., 2000; Renucci et al., 1996; Rodaway et
al., 1999). Third, Nodal-related signals and Tar interact
functionally: doses of sqt or cyc that cannot induce the
organizer marker gsc can do so when coexpressed with tar,
demonstrating that, as expected from a ligand-receptor
relationship, Tar and Sqt or Cyc can act in synergy.
Furthermore, ectopic expression of tar in the mutant
MZoepm134, which is unable to respond to the overexpressed
Nodal signals, restores sensitivity to these signals. Alto-
gether, these evidences strongly support a role for tar in the
mediation of Nodal signalling, most likely as one of the
Nodal type I receptors.
If Tar is a type I Nodal receptor, we then have to explain
an apparent discrepancy with the work of Dyson and
Gurdon (1998). Although we find that tar overexpression
increases the sensitivity to Nodals, Dyson and Gurdon
reported that overexpression of the activin type I receptor
ALK4/ActRIb does not enhance the sensitivity of Xenopus
animal caps cells to respond to Activin. Whereas this
difference in behaviour might be species-specific, it is also
possible that Activins and Nodals do not exhibit exactly the
same requirements with regard to their specific type I
receptors, an idea consistent with the fact that, although
relying on similar components, Nodal but not Activin
signalling requires the permissive factor Oep (Gritsman et
al., 1999).
Relationship between Tar and Activin Signalling
Tar is structurally related, in its cytoplasmic domain, to
the type I Activin receptor ALK4, suggesting that Tar might
also be important in the mediation of Activin signalling.
However, we find that the dominant-negative form of Tar,
TarMR, interferes only poorly with the inducing activity of
ectopic activin, implying that Tar is not as essential to
Activin as to Nodal signalling. Thus, similar to mutants
exhibiting a total lack of oep function (MZoep embryos),
tarMR expression allows to discriminate between Nodal
ll rights reserved.
286 Aoki et al.and Activin signalling, which then rely on different mo-
lecular mechanisms. This difference may not rely on intra-
cellular signal transduction components acting down-
stream of type I receptors, like Smad2, since activated
Smad2 can rescue MZoep embryos (Gritsman et al., 1999).
On the contrary, the fact that both Oep and Tar are
membrane-bound molecules suggest that the discrimina-
tion between these two pathways occurs at the membrane
level. For instance, Activin and Nodals could activate
different type I receptors. An alternative, but non exclusive,
hypothesis could be that Activin and Nodals activate the
same receptor, potentially Tar, but that Oep modulates the
capacity of Nodals to induce such an activation. Consistent
with this latter hypothesis, two recent reports have dem-
onstrated that nodal binds and activates the activin receptor
ALK4 but only in the presence of Oep (Kumar et al., 2001;
Reissmann et al., 2001; Yeo and Whitman, 2001).
Tar and Endoderm Formation
Endoderm formation relies on Nodal signalling. In par-
ticular, endoderm precursors do no form in Nodal-deficient
mutants, such as sqt;cyc double mutants and MZoep mu-
tants, but can be rescued by the activation of Tar or ALK4
signalling (Feldman et al., 1998; Peyrieras et al., 1998;
Schier et al., 1997; David and Rosa, 2001). These results
mean that Nodal signalling is necessary for endoderm
formation and that the activation of the Tar pathway is
sufficient to induce the formation of endoderm progenitors.
Conversely, we show here that the inhibition of Tar signal-
ling using TarMR abolishes endoderm progenitor forma-
tion. We have tried to determine whether Tar itself was
required for endoderm formation by using Tar-directed
morpholino oligonucleotides. However, our attempts have
been hampered by the fact that the tested morpholinos
could only very poorly interfere with Tar translation (data
not shown). Thus, we conclude that endoderm formation in
vivo relies on molecules related to or interacting with tar.
Interestingly, the induction/rescue of endoderm by the
constitutive variant of Tar, Tar*, is cell-autonomous (Pey-
rieras et al., 1998; David and Rosa, 2001). One interpreta-
tion is thus that endoderm induction/maintenance results
from the direct action of Tar ligands, potentially Nodal, in
endodermal progenitors, rather than an indirect action
through a relay mechanism. Supporting this idea, hypomor-
phic mutant mice for nodal, nodalfl1/D, sometimes lack gut
endoderm (Lowe et al., 2001).
Mesoderm also relies on the activation of Nodal/Activin
signalling. Consistent with this idea and the fact that Tar
interacts with Nodals, we have found that Tar overexpres-
sion transiently enlarged the early mesodermal domain
during gastrulation. In contrast, we have not observed a
general interference with mesoderm formation by tarMR
when overexpressed in wild-type embryos. One interpreta-
tion is that Tar or related molecules are not involved in the
direct induction of mesoderm. However, the expression of
© 2001 Elsevier Science. Atbx6, a marker of the lateral mesoderm, was slightly re-
duced in tarMR-overexpressed wild-type embryos. Further-
more, TarMR could interfere with mesoderm formation in
embryos with reduced Nodal signalling. TarMR also inhib-
ited the ectopic expression of the pan-mesodermal marker
ntl induced by sqt in animal cap. Thus, without excluding
the implication of another type I Nodal receptor, it is likely
that Tar or related molecules are also important in meso-
derm formation, but that the high maternal or zygotic
endogenous tar mRNA contribution prevents TarMR from
completely blocking Tar signalling in vivo. Such an inter-
pretation is consistent with the notion that high levels of
Nodal signalling are required for endoderm formation and
lower levels are required for mesoderm formation (Feldman
et al., 1998; Schier et al., 1997; Thisse et al., 2000; Thisse
and Thisse, 1999). Together, our results show that Tar
signalling plays an essential role, downstream of Nodal
signals, in the initial events controlling endoderm and
probably mesoderm formation.
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